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Brown adipocytes oxidize fatty acids to produce
heat in response to cold or to excessive energy in-
take; stimulation of brown fat development and func-
tion may thus counteract obesity. Brown adipogene-
sis requires activation of the transcription factor
C/EBPb and recruitment of the zinc finger protein
Prdm16, but upstream inducers of these proteins
are incompletely defined. Here, we show that genetic
inactivation of Plac8, a gene encoding an evolution-
arily conserved protein, induces cold intolerance,
and late-onset obesity, as well as abnormal mor-
phology and impaired function of brown adipocytes.
Using brown preadipocyte lines we show that Plac8
is required for brown fat differentiation, that its over-
expression induces C/EBPb and Prdm16, and that
upon induction of differentiation Plac8 associates
with C/EBPb and binds to the C/EBPb promoter
to induce its transcription. Thus, Plac8 is a critical
upstream regulator of brown fat differentiation and
function that acts, at least in part, by inducing
C/EBPb expression.
INTRODUCTION
Brown fat is a major effector of adaptive thermogenesis in
response to cold or caloric overfeeding. This property depends
on the activity of the uncoupling protein Ucp1, which dissipates
mitochondrial proton gradients and generates heat instead of
ATP (Cannon and Nedergaard, 2004; Lowell and Spiegelman,
2000). Many studies in mice have demonstrated that reducing
or activating the thermogenic activity of brown adipose tissue
(BAT) is associated with reduced or increased body temperature
(cold tolerance) and protection or susceptibility to obesity (Feld-
mann et al., 2009; Kozak and Anunciado-Koza, 2008; Zhou et al.,
2003). Recent studies have demonstrated the presence of brown
fat also in adult humans, where its abundance and activation by
cold vary depending on the degree of obesity (Cypess et al.,
2009; Saito et al., 2009; van Marken Lichtenbelt et al., 2009;658 Cell Metabolism 14, 658–670, November 2, 2011 ª2011 ElsevierVirtanen et al., 2009). Thus, BAT development and functional
maturation is a promising target for the treatment of the current
epidemic of obesity.
Adipogenesis, the process by which precursor cells differen-
tiate into mature adipocytes, is controlled by a cascade of tran-
scription factors that is in large part shared by both white and
brown adipocytes (Farmer, 2006; Kajimura et al., 2010; Rosen
and MacDougald, 2006). An initial step is the upregulation of
the CCAAT/Enhancer Binding Proteins b and d (C/EBPb and d),
which induce the expression of C/EBPa and Pparg. Inactivation
of C/EBPb in mice nevertheless still permits the differentiation
into white and brown adipocytes, albeit with low efficiency in
the brown fat lineage, as reflected by a loss of Ucp1 expression
in this tissue (Tanaka et al., 1997). In contrast,Pparg is absolutely
required for both white and brown adipocyte differentiation
(Kajimura et al., 2010). Development of the specific characteris-
tics of either type of adipocytes requires the expression of addi-
tional transcriptional regulators. Recent studies have shown that
differentiation of brown fat cells is enhanced by expression of the
zinc finger protein Prdm16 (Kajimura et al., 2009; Seale et al.,
2008; Seale et al., 2007). In fact, transduction of both C/EBPb
and Prdm16 into murine or human fibroblasts is sufficient to
induce brown fat differentiation, with induction of the cAMP-
dependent genes Pgc-1a, deiodinase 2, and Ucp1, as well as
other markers of brown fat such as Elovl3 and Cidea (Kajimura
et al., 2009). Moreover, mice with a genetic inactivation of
Prdm16 show a defect in brown fat development (Seale et al.,
2008). Since this defect is only partial, probably other factors
contribute to the differentiation into brown fat cells as well.
Although such a role was suggested for bone morphogenetic
protein 7 (Tseng et al., 2008), upstream regulators of C/EBPb
and Prdm16 are generally still poorly defined.
In a previous study we performed transcriptomic analysis of
omental and subcutaneous fat from either lean, diet-induced
obese, or obese mice following a weight-reducing treatment.
We identified transcripts that were similarly regulated in both
depots during fat mass expansion and following normalization,
suggesting a role in adipogenesis (Poussin et al., 2008). Here,
we describe the role of one of these genes, Plac8, also called
Onzin. Plac8 was first identified in screens for genes expressed
in the placenta and was found associated with the spongio-
trophoblast (Galaviz-Hernandez et al., 2003). Plac8 encodes
a 12.5 kDa, 112 amino acid protein containing a cysteine-richInc.
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However, in plants there are families of proteins with structural
similarities to Plac8 (Guo et al., 2010; Libault and Stacey,
2010). In tomato, the Plac8-related gene, fruit weight 2.2 gene
(fw2.2) regulates fruit weight by controlling cell number and
several fw2.2-like genes present in other plants play a similar
role (Guo et al., 2010; Libault and Stacey, 2010). In mice, inacti-
vation of Plac8 reduces the capacity of neutrophils to kill
bacteria, a function that was associated with Plac8 binding to
intracellular phagocytic granules (Ledford et al., 2007). In
myeloid cells, Plac8 expression plays a role in differentiation,
proliferation, and apoptosis (Li et al., 2006; Rogulski et al.,
2005; Wu et al., 2010) and may be regulated by its interaction
with phospholipid scramblase 1 (Guo et al., 2010) (PLSCR1),
a palmitoylated, calcium-binding protein associated with lipid
rafts (Huang et al., 2006; Li et al., 2006; Sahu et al., 2007).
Here, we show that Plac8 is an upstream regulator of C/EBPb,
which is required for normal differentiation of brown adipose
tissue, as well as for resistance to cold and to obesity.
RESULTS
Plac8 Inactivation Induces Obesity, Cold Intolerance,
and Altered BAT Morphology and Gene Expression
Analysis of Plac8 expression revealed that this gene was ex-
pressed in omental and subcutaneous white and in brown
adipose tissues, where its expression was enriched in the
stromal vascular fraction (Figure S1A). It was also expressed
in 3T3-L1 preadipocytes and at a 5-fold higher level in
SV-40 T antigen-transformed brown preadipocytes (Figure S1B).
To evaluate the physiological role of Plac8, we studied Plac8
homozygous and heterozygous knockout mice. We observed
that Plac8/ mice fed with a normal chow diet gained more
weight than control mice by 25 weeks. Body weight of Plac8+/
mice was intermediate between wild-type and knockout mice at
29 weeks (Figure 1A). The higher body weight was entirely due
to increased fat mass, as lean mass was normal (Figures
1B–1D). Alterations in either food intake or thermogenesis can
lead to obesity. No difference in food intake was observed
between genotypes in 12-week-old animals (Figure 1E). Strik-
ingly however, Plac8/ knockout mice displayed a lower
body temperature than control mice when housed at 24C (Fig-
ure 1F), suggesting a defect in thermoregulation. Indeed, upon
exposure to 4C Plac8/ mice became rapidly hypothermic,
whereas control mice maintained normal body temperature
(Figure 1G). Histological analysis revealed an abnormal BAT
morphology in Plac8/ mice with Ucp1-positive brown adipo-
cytes containing a single large lipid droplet instead of the multi-
locular appearance of control BAT; brown fat from Plac8+/
mice displayed an intermediary phenotype (Figure 1H). BAT
from Plac8/ mice maintained at 24C expressed lower levels
of Ucp1 than BAT from control mice and, upon cold exposure,
Plac8/ mice failed to increase Ucp1 expression (Figure 1I).
Thus, genetic inactivation of Plac8 leads to abnormal BAT struc-
ture, impaired Ucp1 activation, cold intolerance, and late-onset
obesity.
To further characterize the BAT defect, we assessed the ex-
pression of key transcriptional and metabolic regulators. BAT
from mutant mice displayed a gene dosage-dependent de-Cell Mcrease in the expression of genes involved in brown fat dif-
ferentiation and function, including Prdm16, C/EBPb, Pgc-1a,
Pgc-1b, deiodinase 2, Ucp1, cytochrome oxidase 2 and 3, and
cytochrome c, as compared to controls (Figures 2A–2I). In
contrast, expression of b3-adrenergic receptor, Pparg, and
aP2 general adipose tissue gene markers were normal (Figures
2J–2L). Likewise, electronmicroscopic analysis of themitochon-
dria fromPlac8/BAT did not show any structural abnormalities
(data not shown).
Next, to evaluate whether Plac8 expression is regulated by
thermogenic challenges, we assessed its expression in BAT
and VAT of control mice exposed to cold or fed a high-fat diet
(HFD). After 2 days of exposure to 4C, we observed a transient
induction of Plac8 in BAT, which returned to basal levels after
5 days in the cold; this was associated with an induction of
Ucp1, which remained high at 5 days (Figure S1C). In visceral
fat (Figure S1D), a similar transient induction of Plac8 was
observed, which was associated with a lasting increase in
Ucp1 expression. The Ct values for Ucp1 in BAT and VAT
were, respectively, 12 and 25, indicating, as expected, a much
lower expression of Ucp1 in VAT than in BAT; this induction
was in agreement with the capacity of the VAT to generate brown
adipocytes upon thermogenic stimulation (Jimenez et al., 2003).
Upon HFD feeding Plac8 expression in BAT was transiently
induced at 5 days and returned to basal levels at 15 and
50 days, whereas Ucp1 was permanently increased following
the initial peak of Plac8 expression (Figure S1E). In VAT, Plac8
expression was transiently induced by HFD at 2 and 5 days,
and Ucp1 expression was increased only at the 2 day time
point (Figure S1F) Thus, in both paradigms, the thermogenic
challenges were associated with a transient increase in Plac8
expression and increased expression of Ucp1. Together the
above data indicate that Plac8 is required for normal differentia-
tion and function of brown adipocytes and for their recruitment
during thermogenic challenges.
Plac8 Is a Cell-Autonomous Regulator of Brown
Fat Differentiation
To gain further insight into the mechanisms by which Plac8
regulates brown fat differentiation, we immortalized brown prea-
dipocytes from wild-type, Plac8+/, and Plac8/ mice. As ex-
pected, the differentiation of brown preadipocytes from control
mice, as assessed by oil red O staining (Figure 3A), was associ-
ated with an induction of Ucp1, Pgc-1a, and aP2 (Figure 3B).
Brown preadipocytes established from heterozygous and
homozygous Plac8 mutant mice showed strongly reduced oil
red O accumulation, and a decreased expression of Ucp1,
Pgc-1a, and aP2 (Figures 3A and 3B) and of other BAT genes
(Figure S2). Analysis of gene expression upon induction of brown
adipocyte differentiation showed that Plac8 was acutely stimu-
lated with an initial peak at 3 hr followed by a rapid return to basal
levels (Figure 3C). This peak paralleled that of C/EBPb expres-
sion, which showed increased expression also at later time
points. Prdm16 was increased starting at day 5, as previously
described (Seale et al., 2007). Importantly, inactivation of Plac8
prevented the induction of C/EBPb and Prdm16 (Figure 3C).
The same results were obtained in heterozygous brown adipo-
cytes, except for a small increase in C/EBPb expression at
3 hr, which could explain the differentiation level observed inetabolism 14, 658–670, November 2, 2011 ª2011 Elsevier Inc. 659
Figure 1. Inactivation of Plac8 Induces Obesity
(A) Body weight gain of Plac8+/+; Plac8+/, and Plac8/ mice fed a normal chow diet.
(B) Evaluation of fat mass by EchoMRI after 29 weeks on normal chow diet.
(C) Weight of brown (BAT), visceral (VAT), and subcutaneous (SCAT) fat depots.
(D) Evaluation of lean mass by EchoMRI.
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Figure 2. BAT-Specific Genes Are Down-
regulated in Plac8–/– Mice
mRNA levels of transcriptional regulators (C/EBPb,
B; Prdm16, A; Pgc1-a, C; Pgc1-b, D) and of genes
controlling thermoregulation and mitochondrial
function (Ucp1, F; deiodinase 2, E; cytochrome
oxidase 2 [Cox2] and 3 [Cox3], G and H, respec-
tively; cytochrome C, I) and of WAT and BAT
markers (b3-adrenergic receptor [b3-AR], J;
Pparg2, K; and aP2, L) in BAT of 29-week-old mice
of the indicated genotypes. Values are means ±
SEM (n = 9–13), *p < 0.05.
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pendently generated cell lines for each genotype.
To obtain an independent assessment of Plac8 requirement
for the differentiation of brown adipocytes, we evaluated the
differentiation capacity of brown cell lines following knockdown
of Plac8 expression. Two different shRNAs that reduced Plac8
expression prevented normal differentiation, as revealed by oil
red O staining (Figure S3A) and decreased expression of Ucp1,
aP2, C/EBPb, Prdm16 and Pgc-1a (Figure S3B) and other
BAT-specific genes (Figure S4). Conversely, we observed that
overexpression of Plac8 in Plac8/ preadipocytes restored(E) Daily food intake of 12-week-old mice.
(F) Body temperature of Plac8+/+ and Plac8/ mice housed individually at 24C.
(G) Body temperature in Plac8+/+ and Plac8/mice exposed to 4C for the indicated period of time (n=10). Va
For Plac8/ mice, data are shown for each tested mouse.
(H) Hematoxylin-eosin staining of BAT sections. Immunohistochemical detection of Ucp1 (brown staining) is
(I) Western blot analysis of Ucp1 protein in BAT of mice kept at 24C and 6 hr after exposure at 4C. Cox2 s
Cell Metabolism 14, 658–670,adipocyte differentiation (Figure 4A) and
increased expression of C/EBPb,
Prdm16, Pgc-1a, Ucp1, aP2 (Figure 4B),
and other BAT-specific genes (Figure S5).
Restoration of differentiation was,
however, partial. This could be related to
very high and permanent, instead of tran-
sient, overexpression of Plac8 achieved
by retroviral transduction (Figure 4B).
Plac8 Is an Upstream Regulator
of C/EBPb Expression
The above data suggested that Plac8 is
an upstream regulator of C/EBPb and
Prdm16 expression. To further support
this hypothesis, we first attempted to
rescue the differentiation of Plac8/
brown preadipocytes by overexpression
of C/EBPb or Prdm16. Figure 5 shows
that C/EBPb overexpression almost
completely restored adipocyte differentia-
tion as indicated by oil red O staining,
whereas the rescue by Prdm16 was less
efficient (Figure5A).Differentiation induced
by C/EBPb and Prdm16 was associated
with increased levels of expression of
Ucp1, aP2, and Pgc-1a (Figure 5B) and of
other BAT-specific genes (Figure S6).To assess whether Plac8 could induce C/EBPb and Prdm16
gene expression, we transduced Plac8 in wild-type BAT preadi-
pocytes and found increased C/EBPb and Prdm16 mRNA
expression (Figure 6A). To determine if this upregulation was
through a transcriptional control, a basal luciferase reporter
construct or one containing the C/EBPb promoter (Zhang
et al., 2004) was cotransfected into wild-type brown preadipo-
cytes along with a Plac8 or a Prdm16 expression plasmid, and
luciferase activity was measured. Plac8 robustly increased tran-
scription of the C/EBPb reporter construct (Figure 6B); a similar
induction was seen by cotransfection of Prdm16 or Plac8 pluslues aremeans ± SEM (n = 9–13) for wild-typemice.
shown in insets.
erved as a loading control.
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Figure 3. Absence of Plac8 Prevents Differentiation of Immortalized Brown Preadipocytes
(A) Oil red O staining of brown preadipocytes immortalized from Plac8+/+, Plac8+/, and Plac8/mice at day 0 or 7 days after induction of differentiation. Upper
row: culture dishes; lower row: photomicrographs of the cells (scale bars =50 mm).
(B) mRNA expression of Ucp1, Pgc1-a, and aP2 at day 0 and day 7 after induction of differentiation.
(C) Time-course (0, 3, and 6 hr; 1, 4, and 7 days) of mRNA expression for Plac8, C/EBPb, and Prdm16 in the different brown preadipocyte cell lines. One
representative experiment out of three is shown. Values are means ± SD, n=4. *p < 0.05 vs. Plac8+/+ at day 7, #p < 0.05 vs. Plac8+/+ at day 0.
Cell Metabolism
Plac8 in Brown Fat DifferentiationPrdm16. When the luciferase assays were conducted 2 days
after induction of differentiation, the C/EBPb reporter gene was
strongly activated in cells cotransfected with the empty vector.
Cotransfection with either Plac8, Prdm16, or Plac8 plus
Prdm16 further stimulated reporter activity. Thus Plac8 is a tran-
scriptional inducer of C/EBPb.662 Cell Metabolism 14, 658–670, November 2, 2011 ª2011 ElsevierAs the kinetics of Plac8 and C/EBPb induction were similar
following induction of differentiation, we hypothesized that the
encoded proteins might interact together. We thus performed
various coimmunoprecipitation experiments. First, we trans-
fected NIH-3T3 cells with C/EBPb and/or Plac8 expression
plasmids and control plasmids. Figure S7A shows that Plac8Inc.
Figure 4. Plac8 Overexpression Rescues Brown Fat Differentiation of Plac8–/– Preadipocytes
(A) Oil red O staining of Plac8+/+, Plac8/, and Plac8 transduced Plac8/ brown preadipocytes 7 days after induction of differentiation. (Scale bars=100 mm).
(B) Quantitative evaluation of the mRNA levels of the indicated genes at days 0 and 7 after induction of differentiation of the same cells as in (A). One repre-
sentative experiment out of three is shown. Values are means ± SD, n=4. *p < 0.05 vs. Plac8+/+ at day 7, #p < 0.05 vs. Plac8+/+ at day 0, $p < 0.05 vs. Plac8/
at day 7.
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Plac8 in Brown Fat Differentiationcoimmunoprecipitated with C/EBPb. This occurred both when
C/EBPb and Plac8 were cotransduced and when the cells
were only transducedwithPlac8, since this induced endogenous
C/EBPb expression (Figure S7A). Second, in BAT cell lines trans-
duced with a Plac8-myc construct and induced to differentiate,
Plac8-myc coimmunoprecipitatedwithC/EBPb, with amaximum
association reached at 3 hr of differentiation (Figure 6C). Simi-Cell Mlarly, C/EBPb coimmunoprecipitated with Plac8-myc, with a
maximum association at 3 hr of differentiation.
Since Plac8was found to induceC/EBPb gene expression, we
assessed whether Plac8 could directly interact with the C/EBPb
promoter. We thus performed chromatin immunoprecipitation
assays using Plac8-myc antibody and amplifying 100 bp
segments of the promoter sequence spaced 500 bp apart,etabolism 14, 658–670, November 2, 2011 ª2011 Elsevier Inc. 663
Figure 5. C/EBPb and Prdm16 Restore the Brown Differentiation Capacity of Plac8–/– Preadipocytes
(A) Plac8/ brown preadipocytes were transduced with C/EBPb (Plac8/ + C/EBPb), Prdm16 (Plac8/ + Prdm16), or control retroviruses. Oil red O staining
was performed 7 days after induction of differentiation (scale bars=100 mm).
(B) Quantitative evaluation of themRNA levels forUcp1, aP2, C/EBPb,Prdm16, andPgc1-a at day 0 and day 7 after differentiation. One representative experiment
out of three is shown. n = 3. Values are means ± SD, *p < 0.05 vs. Plac8+/+ at day 7, #p < 0.05 vs. Plac8+/+ at day 0, $p < 0.05 vs. Plac8/ at day 7.
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(Figure 6D). A single region, located at approximately 2.1 kb
from the transcriptional start site, yielded an amplification
product which was maximal at 6 hr, a kinetics slightly delayed
as compared to the transient expression of Plac8 and C/EBPb
and their interaction. As an example of a negative signal, ampli-
fication of the adjacent approximately1.5 kb region is shown in
Figure 6E. In Figure 6F, we show that transcription of a 3 kb, but
not of a 1.1 kb, C/EBPb promoter luciferase reporter gene could
be activated by both Plac8 and C/EBPb. Because these data
suggested binding of Plac8 and C/EBPb to a region of the
C/EBPb promoter located around 2.1 kb from the transcrip-
tional start site, we searched for putative C/EBPb binding
sites, fitting the consensus sites recently described (Siersbæk
et al., 2011), using the TESS program (Transcription Element
Search System, http://www.cbil.upenn.edu/cgi-bin/tess/tess).
Two putative binding sites were identified in this region (Fig-
ure 6D) and two other sites at a more proximal place (1166
and 479 bp). We therefore mutated the two sites shown in
Figure 6C in the luciferase reporter construct and showed that
this mutated construct led to a much reduced stimulation of
transcription when Plac8 and/or C/EBPb were coexpressed
(Figure 6G). In contrast, stimulation of transcription by Klf4,664 Cell Metabolism 14, 658–670, November 2, 2011 ª2011 Elsevierwhich binds at another site of the promoter region (Birsoy
et al., 2008), was not affected by the mutations. These data
therefore indicated that the sites identified in Figure 6C are
important for transcriptional regulation of C/EBPb by Plac8,
although other binding sites may be involved since the mutation
of the C/EBPb sites did not fully suppress the transcriptional
activity of the reporter construct.
To further prove that interaction of Plac8 with C/EBPb was
required for transcriptional activation of C/EBPb, we tested
whether the conserved cysteine-rich region of Plac8 (Rogulski
et al., 2005) may be involved in the interaction with C/EBPb. Fig-
ure 7A shows a scheme of Plac8 structure with its cysteine-rich
region located between amino acids 28 and 38. Deletion of
this region prevented coimmunoprecipitation of Plac8delta with
C/EBPb (Figure 7A). Cotransfection of the Plac8delta mutant
failed to induce the C/EBPb reporter construct activity (Fig-
ure 7B). Finally, transduction of Plac8/ BAT preadipocytes
with the Plac8 deletion variant failed to rescue adipocyte differ-
entiation, as determined by oil red O staining and expression
of Ucp1 and aP2 (Figure 7D), even though the levels of trans-
duced wild-type and mutant Plac8 were the same (Figure 7E).
Finally, as coexpression ofC/EBPb and Prdm16was shown to
induce brown fat differentiation of fibroblasts (Kajimura et al.,Inc.
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would lead to a more robust brown fat differentiation. This was
assessed by oil red O staining and gene expression analysis of
NIH-3T3 cells cotransduced with various combinations of these
three genes. As shown in Figures S7B and S7C, the triple trans-
duction yielded the most intense accumulation of lipids and
a major induction of aP2 and Elovl3 as compared to the cotrans-
fection of C/EBPb and Prdm16.
Together these data indicate that rapidly after induction of BAT
differentiation, Plac8 transiently interacts with C/EBPb through
its cysteine-rich domain. This complex binds to the C/EBPb
promoter, in part at the C/EBPb binding site present at 2.1 kb
to induce C/EBPb transcription. This is required to properly
activate the subsequent steps of the brown fat differentiation
program.
DISCUSSION
The recent demonstration of the presence of brown fat in adult
humans and the link between the thermogenic activity of this
tissue and body weight control (Enerba¨ck, 2010; Nedergaard
and Cannon, 2010) considerably increased the interest in better
understanding the development and function of this tissue. Here,
we show that genetic inactivation of Plac8 prevents in vitro
development of brown fat and, in vivo, leads to impaired expres-
sion of BAT differentiation markers, causes cold intolerance, and
induces late-onset obesity. Thus we show that Plac8 is a critical
regulator of brown fat differentiation, whose expression is in-
duced early during the adipogenic process. Importantly, Plac8
controls the expression ofC/EBPb, a core transcriptional initiator
of brown fat development.
Plac8 is expressed in both brown and white fat, but Plac8/
mice display obvious functional defects only in brown fat. This
is similar to C/EBPb, whose inactivation in mice induces
a stronger deregulation of brown fat development—with a
reduced expression of Ucp1—than white fat development
(Tanaka et al., 1997). Absence of Plac8 from brown fat leads to
a strong reduction in C/EBPb expression and a reduction in
Prdm16 and Pgc-1a, which are important regulators of brown
fat development and mitochondrial function. This leads to a
reduction of several other brown fat-specific components. In
contrast, Pparg and aP2, which are general adipocyte differenti-
ation factors, are not downregulated. These data therefore
suggest that Plac8 is an important factor in recruiting BAT during
thermogenic challenges. Indeed exposure of mice to cold or
feeding them an HFD induces a transient expression of Plac8
in BAT and VAT. This is associated with a lasting induction of
Ucp1, except in the VAT of HFD-fed mice, whereUcp1 induction
is seen only at the earliest time point. The transient induction of
Plac8 in both adipose tissues is in line with its expression at
highest levels in the stroma-vascular fraction, which contains
preadipocytes, and with its required expression early during adi-
pogenesis, suggesting induction of adipocyte differentiation.
Also, as thermogenic challenges induce appearance of brown
adipocytes in white adipose depots, the transient increase in
Plac8 expression in VAT, associated with increased expression
of Ucp1, may be an initial marker of brown differentiation in
this tissue. However, Plac8may also be required for white adipo-
cyte development, and its expression at the beginning of theCell MHFD, which lasts longer than the transient expression of Ucp1,
may indicate initiation of white adipogenesis.
Analysis of brown preadipocyte lines demonstrated that inac-
tivation of Plac8 prevents the differentiation into adipocytes
accumulating lipids and expressing C/EBPb, Prdm16, Pgc-1a,
deiodinase 2, and Ucp1. Transduction of Plac8 in Plac8/ cells
restored in large part the expression of these differentiation
markers and the capacity to store lipids. Importantly, kinetic
analysis of the differentiation process indicated that Plac8
expression is transient, simultaneous with the early peak of
expression of C/EBPb, and precedes that of Prdm16, suggest-
ing that Plac8 could be an upstream regulator of C/EBPb
expression. This was supported by the observation that
C/EBPb transduction in Plac8/ preadipocytes restored brown
adipose differentiation; this was also observed with Prdm16
transduction, although the differentiation efficiency was lower.
On the other hand, Plac8 overexpression in wild-type brown pre-
adipocytes increased C/EBPb mRNA expression and increased
the transcriptional activity of a C/EBPb promoter reporter
construct.
The mechanism by which Plac8 activates C/EBPb transcrip-
tion was investigated by testing whether both proteins interacted
together following induction of the differentiation process. We
showed, by coimmunoprecipitation analysis, a direct, transient
interaction between Plac8 and C/EBPb. This interaction was
maximum at 3 hr after induction of differentiation, even though
both Plac8 and C/EBPb levels remained relatively elevated
during the entire time-course of the study. Plac8 contains
a cysteine-rich domain between residues 28 and 61 (11 cyste-
ines out of 33 amino acids) with several CXXC motifs in arrange-
ments that are distinct from those of zinc or RING finger proteins,
but that are similar to those found in thioredoxins or protein disul-
fide isomerases (Appenzeller-Herzog and Ellgaard, 2008;
Daiyasu et al., 2008). The first 11 amino acids of this cysteine-
rich domain were reported to be required for binding of Plac8
with Akt1 and Mdm2, interactions that increased activity, phos-
phorylation, and nuclear localization of Akt1 andMdm2 (Rogulski
et al., 2005). Here, this same region was shown to be required for
coimmunoprecipitation of Plac8 with C/EBPb, for transcriptional
activation of the C/EBPb reporter construct, and for induction
of Plac8/ BAT preadipocyte differentiation. Thus, as for Akt1
and Mdm2, this region of the cysteine-rich domain is essential
for interaction of Plac8 with C/EBPb. How this interaction
is regulated is, however, not yet known. One likely possibility
is that following induction of differentiation, posttranslational
modifications of either C/EBPb and/or of Plac8 control their
interaction. Whereas Plac8 posttranslational modifications
have not yet been described, C/EBPb can undergo several
modifications including phosphorylation, acetylation, methyla-
tion, or ubiquitination (Cesen˜a et al., 2008; Kowenz-Leutz
et al., 2010; Lee et al., 2010; Nerlov, 2008). Thus, Plac8 may
bind to modified proteins to alter, for instance, their subcellular
localization and function in a way reminiscent of 14-3-3 proteins
binding to, and modifying, the activity or localization of phos-
phorylated proteins (Morrison, 2009).
Following Plac8/C/EBPb association, chromatin immunopre-
cipitation assays indicated that Plac8 transiently binds to the
C/EBPb promoter at a region located 2.1 kb upstreamof the tran-
scriptional start site. This region is required for the transcriptionaletabolism 14, 658–670, November 2, 2011 ª2011 Elsevier Inc. 665
Figure 6. Plac8 Induces C/EBPb Transcription following Direct Association with C/EBPb and C/EBPb Promoter
(A) Quantification of C/EBPb and Prdm16 mRNA levels in wild-type brown preadipocytes transduced with a Plac8-expressing or an empty vector.
(B) Transcriptional activity of a 3 kb C/EBPb promoter-luciferase (black bars) or empty vector (pGL3) (white bars) cotransfected into wild-type brown pre-
adipocytes with an expression vector for Plac8, Prdm16 cDNA, or an empty vector. Luciferase activities were determined 24 hr after transfection or following an
additional 2 days of culture in the presence of the differentiation cocktail. Results are means ± SD (n = 3), one representative experiment is shown. *p < 0.05 vs.
empty vector, $p < 0.05 vs. empty vector with hormonal inducers.
(C) Coimmunoprecipitation of Plac8 with C/EBPb or of C/EBPb with Plac8 in wild-type brown preadipocytes transduced with a Plac8-Myc construct or empty
Myc vector and induced to differentiate for the indicated time periods. The other lanes represent specificity and input controls.
(D) Scheme of the 3 kbC/EBPb promoter with the segments (red) that were amplified in the chromatin immunoprecipitation experiment. DNA sequence for the site
at 2.1 kb is shown. The putative binding sites for C/EBPb are shown in red, and the primers used to amplify this site are shown in orange (E).
(E) Chromatin immunoprecipitation assays were performed using primers amplifying a 100 bp fragment at 2.1 kb or at 1.5 kb. Wild-type brown pre-
adipocytes were transduced with a Plac8-Myc or an empty Myc vector, induced to differentiate for the indicated time periods, and chromatin fragments were
immunoprecipitated with anti-myc antibody before performing quantitative PCR analysis. Results are expressed as a percentage of the input.
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Plac8 in Brown Fat Differentiationactivation of the C/EBPb promoter by both Plac8 and C/EBPb it-
self, and our search for putative C/EBPb binding sites revealed
two adjacent sequences, which closely match the C/EBPb
consensus sites. Mutation of these sites decreased the tran-
scriptional activity of the C/EBPb reporter construct induced
by either Plac8 or C/EBPb. This suggests that both proteins
bind to the same site to induce transcription. However, because
the transcriptional activity was not completely suppressed, it is
possible that another, noncanonical binding site may be used
by C/EBPb when it is complexed with Plac8.
In summary, our data show that Plac8, an evolutionarily
conserved protein, is a newly identified critical regulator of brown
adipocyte differentiation and function. Genetic and functional
analysis demonstrates that Plac8 is an upstream activator of
C/EBPb expression. This regulation is proposed to depend on
the transient association of Plac8 with C/EBPb early after
induction of differentiation. Following this initial event, Plac8
binds to the C/EBPb promoter to further induce expression of
the C/EBPb gene, which is required for proper brown fat differ-
entiation. In vivo, genetic inactivation of Plac8 leads to cold
intolerance and late-onset obesity associated with defects in
BAT differentiation and thermogenic capacity. Further studies
of Plac8 may help identify early signaling events in brown
adipogenesis, in particular those that are triggered by the differ-
entiation inducers and that stimulate the association of Plac8
with C/EBPb and the transcriptional activity of Plac8 on the
C/EBPbpromoter. This studymay lead to better ways to increase




Plac8/ mice on a pure C57BL/6 background were obtained from B.H.
Koller’s laboratory (University of North Carolina) (Ledford et al., 2007).
C57BL/6 and Plac8/ mice were crossed to obtain Plac8+/, and then
Plac8+/ mice were crossed to obtain Plac8+/+, Plac8+/, and Plac8/ litter-
mates. Mice were maintained at 24C on a 12 h/12 h light/dark cycle (7:00–
19:00), with free access to water and standard chow diet (3436 from Provimi
Kliba AG, Kaiseraugst, Switzerland). All animal studies were approved by the
Veterinary Office of Canton de Vaud, Switzerland.
Determination of Body Composition
Mice were anesthetized with isofluran, and body composition was determined
using the EchoMRI-100 system (Echo Medical Systems, Houston, TX).
Cold Exposure
During cold exposure (4C), the colonic temperature was measured with the
rectal BIOSEB thermometer. The experiments were performed with animals
accustomed to handling, to minimize body temperature variations caused
by stress.
High Fat Diet
C57BL/6 6-week-old mice were fed with normal chow diet (3436 from Provimi
Kliba AG, Kaiseraugst, Switzerland) or HFD (D12331 from Research Diets,(F) Reporter constructs containing 3 kb (black bars) or 1.1 kb (grey bars) of the C/
wild-type brown preadipocytes with a Plac8 or a C/EBPb expression vector or wi
means ± SD (n = 3), one representative experiment is shown.
(G) Transcriptional activity of wild-type (black bars) and mutated (grey bars) 3kb
construct (pGL3, white bars). Luciferase assays were performed 24 hr following c
C/EBPb, or Klf4 expression vectors or a control plasmid. Results are means ± S
Cell MNewBrunswick, NJ) with free access to food andwater for the indicated period
of time.
Histology, Immunohistochemistry, and Morphometry
BAT were embedded in paraffin and 5 mm sections were prepared for hema-
toxylin and eosin staining. Immunohistochemical detection of Ucp1 was per-
formed using Ucp1 antibodies at 1/500 dilution (Abcam 10983, Cambridge,
UK) and secondary antibodies from the Dako EnVision Plus system (Dako,
Carpinteria, CA). Hematoxylin-eosin images from subcutaneous and visceral
adipose tissues were used for morphometric analysis using the AxioVision
4.0 software (Zeiss, Oberkochen, Germany).
Isolation of Adipocytes and Stromal Vascular Fraction (SVF)
from Brown and White Adipose Tissue
Five week-old male C57BL/6J were euthanized by CO2 inhalation, and brown
adipose tissue was collected and placed in 5 ml of DMEM supplemented with
1% fatty-acid-poor BSA (Sigma-Aldrich, St. Louis). BAT and epididymal WAT
tissues were minced and digested with 1.5 mg/ml of collagenase A (Roche,
Basel, Switzerland) at 37C in a shaking water bath for 45 min. Samples
were then filtered through a sterile 100 mm nylon mesh (Millipore, Billerica,
MA) to remove undigested fragments. The resulting suspension was centri-
fuged and incubated at room temperature for 10 min to allow the separation
of adipocytes. The floating fractions, consisting of adipocytes, were placed
in a new tube and washed twice with DMEM-BSA medium. The lower phase,
containing the stromal vascular fraction, was centrifuged at 1100 rpm for
10 min. The pellet (SVF) was resuspended in 1 ml of erythrocytes lysis solution
(0.154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 2 min and then centri-
fuged at 1100 rpm for 10 min.
RNA Extraction and Real-Time PCR
Total RNA was prepared from isolated adipocytes or cultured cells using
peqGOLD TriFast reagent according to the manufacturer’s instructions
(Axon Lab, Baden, Switzerland). First-strand cDNA was synthesized from
0.5 mg of total RNA using random primers (Promega, Mannheim, Germany)
and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Real-time
PCR was performed using Power SYBR Green Master Mix (Applied Bio-
systems, Foster City, CA). Specific mouse primers for each gene were used
and are described in Table S1. All reactions were normalized to cyclophilin
levels and performed in triplicate.
BAT Protein Extraction and Western Blot Analysis
Cells were lysed using a RIPA buffer containing SDS 0.1% and protease inhib-
itors (Roche, Basel, Switzerland). Mitochondria-enriched fractions from BAT
were prepared as described previously (Bas and Giacobino, 1983; Jimenez
et al., 2003). Western blot analysis was performed as previously described
(Jimenez et al., 2002). 20 mg of total protein were loaded on a 12% SDS-
PAGE for each sample. Rabbit anti-Plac8 antibody was obtained from B.H.
Koller’s laboratory (Ledford et al., 2007) and used at a dilution of 1/2500, rabbit
anti-Ucp1 1/1000 dilution (Abcam 10983, Cambridge, UK), goat anti-Cox2
(Santa Cruz Biotechnology, SC-23984, Santa Cruz, CA), rabbit anti- a-actin
(Sigma, A2066, St. Louis) and peroxidase conjugated anti-mouse IgG
(Amersham, NA931V, Glattbrugg, Switzerland) or peroxidase conjugated
anti-rabbit IgG (Amersham, NA934V, Glattbrugg, Switzerland) were used as
secondary antibodies at a dilution of 1/1000. SuperSignal West Pico Stable
Peroxide solution (Pierce, 1859674, Rockford, IL) was used for chemilumines-
cent detection.
Generation of Retroviral Constructs and Retroviral Transductions
Plac8 cDNA was inserted in pMSCV retroviral vectors (Clontech, Mountain
View, CA) with puromycin or hygromycin selection markers. Plac8 cDNAEBPb promoter or an empty vector (pGL3) (white bars) were cotransfected into
th a control plasmid. Luciferase assays were performed 24 hr later. Results are
C/EBPb promoter-luciferase reporter constructs and of control empty reporter
otransfection into brown preadipocytes of the reporter constructs with Plac8,
D (n = 3), one representative experiment is shown.
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Figure 7. The Cysteine-Rich Region of Plac8 Is Necessary for Binding to C/EBPb and Adipogenic Differentiation
(A) Scheme of Plac8 with the first part of the cysteine-rich domain (aa 28–38) that has been deleted in Plac8delta (left). Coimmunoprecipitation of Plac8 with
C/EBPb, or of C/EBPbwith Plac8, in 293T cells transfectedwithPlac8-FLAG,Plac8delta-FLAG,C/EBPb, or an empty FLAG vector and induced to differentiate for
3 hr (right). The other lanes represent specificity and input controls.
(B) Reporter constructs containing 3 kb (black bars) or an empty vector (pGL3) (white bars) were cotransfected into brown preadipocytes with a Plac8 or
a Plac8delta expression vector or with a control plasmid. Luciferase assays were performed 24 hr later. Results are means ± SD (n = 3), one representative
experiment is shown.
(C) Plac8/ brown preadipocytes were transduced with Plac8 (Plac8/ + Plac8) or Plac8delta (Plac8/ + Plac8delta) or control retroviruses. Oil red O staining
was performed 7 days after induction of differentiation (scale bars=100 mm).
(D) Quantitative evaluation of themRNA levels forUcp1 and aP2 at day 0 and day 7 after differentiation. One representative experiment out of three is shown. n = 3.
Values are means ± SD, *p < 0.05 vs. Plac8+/+ at day 7, #p < 0.05 vs. Plac8+/+ at day 0, $p < 0.05 vs. Plac8/ at day 7.
(E) Western blot analysis of Plac8 protein in Plac8/ preadipocytes transduced with Plac8 (Plac8/ + Plac8) or Plac8delta (Plac8/ + Plac8delta) or control
retroviruses (Plac8/). Actin served as a loading control.
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Then Plac8-FLAG fusion protein was cloned into pMSCV retroviral vector
(Clontech, Mountain View, CA). The delta Plac8 cDNA, the pRetro DsRed 30
myctag Plac8 and pRetro DsRed 30 myctag control retroviral vectors were668 Cell Metabolism 14, 658–670, November 2, 2011 ª2011 Elsevierkindly provided by Edward Prochownik (Children’s Hospital of Pittsburgh,
PA). Then the Plac8delta cDNA was subcloned into a modified pCDNA3.1
plasmid with a FLAG tag at the C terminus part. The fusion protein Plac8delta-
FLAG tag was then inserted into a retroviral pMSCV vector (Clontech,Inc.
Cell Metabolism
Plac8 in Brown Fat DifferentiationMountain View, CA). C/EBPb and Klf4 pMSCV retroviral vector was kindly
provided by Kivanc Birsoy (Massachusetts Institute of Technology, MA).
pMSCV Prdm16 retroviral plasmid was purchased from Addgene (Cambridge,
MA). Viral constructs were transfected, using the calcium-phosphate protocol
previously described (Jordan et al., 1996), into Phoenix packaging cells
(G. Nolan, Stanford) along with constructs encoding gag-pol, and the VSV-G
protein and supernatants were harvested after 48 hr in the presence of
3 mM of Trichostatin A (Sigma, St. Louis) and either used immediately or
snap frozen and stored at 80C for later use. Viral supernatants were added
to the cells for 6 hr in the presence of Polybrene (8 mg/ml, Sigma, St. Louis),
then diluted twice with fresh medium. Next day, the viral supernatant was
removed and replaced by fresh medium. Each transduction experiment was
repeated three times.
Cell Immortalization and Culture
Brown preadipocytes were isolated from newborn Plac8+/+, Plac8+/, and
Plac8/ mice by collagenase digestion as described previously (Tseng
et al., 2004; Uldry et al., 2006). Preadipocytes were immortalized by retroviral
transduction with the vector pBABE encoding the SV40T antigen and selection
with puromycin (2 mg/ml). Preadipocytes were cultured in DMEM (Gibco,
Carlsbad, CA) with 15% FBS (Gibco, Carlsbad, CA) at 5% CO2. After retroviral
transduction (see below), cells were allowed to grow to confluence in either
100 mm or 60 mm dishes in DMEM with 15% FBS. Once confluence was
reached, cells were exposed to differentiation medium containing dexametha-
sone (0.5 mM), insulin (20 nM), isobutylmethylxanthine (0.5 mM), indomethacin
(0.125 mM) and T3 (1 nM). After 2 days, cells were maintained in medium con-
taining T3 and insulin at the same concentrations as described above. Medium
was changed every other day. Full differentiation was achieved after 7 days.
Oil Red O Staining
After 7 to 10 days of differentiation, cells were washed once in PBS and fixed
with formaldehyde (Formalde-Fresh; Fisher, Waltham, MA) for 15 min. The
staining solution was prepared by dissolving 0.5 g oil red O (Sigma, St. Louis)
in 100 ml of isopropanol; 60 ml of this solution was mixed with 40 ml of distilled
water. After 1 hr at room temperature, the staining solution was filtered and
added to dishes for 4 hr. The staining solution was then removed and cells
were washed twice with distilled water.
Transactivation Assays
The 3 kb C/EBPb promoter in pGL3 plasmid was a gift from Kivanc Birsoy
(Boston, MA). The mutations of the C/EBPb sites in the 3 kb C/EBPb promoter
were done using theQuickChangeMulti Site-DirectedMutagenesis Kit (Agilent





pMSCV retroviral plasmids for Plac8, C/EBPb and PRDM16, were used as
expression vectors. The 1.1 kb C/EBPb promoter was generated by PCR
and cloned into the pGL3 basic vector (Promega, Mannheim, Germany). BAT
wild-type cell lines were transfected at 80% confluence using Lipofectamine
LTX Reagent (Invitrogen, Carlsbad, CA) as per the manufacturer’s protocol.
Cells were induced, 24 hr after transfection, with the full differentiation cocktail
described above for 2 days. A b-galactosidase expression vector was cotrans-
fected into cells as a control for transfection efficiency. Luciferase and b-galac-
tosidase activity were assessed 2 days after differentiation using the Galacto-
Star luciferase reporter assay (Roche, Basel, Switzerland) following the
manufacturer’s instructions. Transfections were performed in triplicate and
repeated three times. Statistics were performed using Student’s t-test.
Immunoprecipitation
To study protein-protein interactions, Plac8+/+ brown preadipocytes or NIH-
3T3 cells were transduced with retroviral Plac8-myc, C/EBPb, or control
vector. Brown preadipocytes were then induced to differentiate for 3 hr, 6 hr,
and 24 hr. 293T cells were transfected with the indicated constructs using
the calcium-phosphate protocol (Jordan et al., 1996). Whole-cell extracts
were incubated for 3 hr with EZview Myc affinity gel or ANTI-FLAG M2 Affinity
Gel (Sigma-Aldrich, St. Louis) or with C/EBPb plus agarose beads at 4C.Cell MImmunoprecipitates were washed three times with washing buffer (150 mM
NaCl, 20mM Tris, 0.5% NP40, Triton 1%, phosphatase inhibitors [Roche,
04906837001, Basel, Switzerland], protease inhibitors [Roche, 04693132001,
Basel, Switzerland]) resolved by 12% SDS-PAGE transferred to nitrocellulose
(Millipore, Billerica, MA) and blotted with Myc antibody (Roche, 11667149001,
Basel, Switzerland) or Plac8 antibody or C/EBPb antibody (Abcam, Ab32358,
Cambridge, UK). Each experiment was repeated three times.
Chromatin Immunoprecipitation
Plac8+/+ brown preadipocytes were transduced with retroviral Plac8-myc or
empty-myc vector, and then cells were induced to differentiate for 3 hr, 6 hr,
and 24 hr. Cells were crosslinked using formaldehyde to a final concentration
of 1% for 10 minutes at 37C. Whole-cell extracts were harvested following
the manufacturer’s protocol of chromatin immunoprecipitation assay (kit #17-
295, Millipore, Billerica, MA). Sonication was performed for 15 seconds. DNA
shearing was verified on agarose gel and corresponded to 400–600 bp. Immu-
noprecipitation was performed using the EZviewMyc affinity gel for 3 hr at 4C.
Immunoprecipitates were washed as described in the protocol. Real-time PCR
was performed on recoveredDNA. Each experiment was repeated three times.
shRNA Constructs
shRNAs were constructed using the pSIREN-RetroQ vector (Clontech, Moun-
tain View, CA). Two different target sequences for Plac8 were designed
by querying the Whitehead siRNA algorithm (http://jura.wi.mit.edu/bioc/
siRNAext/), as well as the siRNA designer software from Clontech (http://
bioinfo.clontech.com/rnaidesigner/). The sequences chosen for Plac8 were
TCGTGACTCAACCTGGATT and ACGGCATTCCTGGATCTAT. Retroviral
production, transduction of BAT cell lines, and differentiation protocols were
as described above. Oil red O staining was performed at day 7. Each experi-
ment was repeated three times.
Statistical Analysis
Statistical analysis was performed using the GraphPad Prism 4.0 software
(GraphPad Software). Comparisons between groups were performed using
Student’s t-test.
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